Introduction
Normal development of a multicellular organism requires precise temporal and spatial coordination of cell proliferation and dierentiation (for review see Edgar and Lehner, 1996) . The MYC family (c-, N-, Land S-MYC) of basic region ± helix ± loop ± helixleucine zipper (bHLH-Zip) transcription factors have been implicated in the control of such processes (DePinho et al., 1991; Marcu et al., 1992; Henriksson and LuÈ scher, 1996) . Targeted mutations of the c-Myc and N-Myc genes have revealed their crucial roles in development. A c-Myc null mutation resulted in lethality of homozygous mice between days 9.5 and 10.5 of gestation (Davis et al., 1993) . The c-Myc
embryos were smaller and exhibited retarded development relative to wild-type embryos indicating, that while able to proliferate initially, they were unable to sustain the growth necessary for later development. NMyc homozygous mutants harbored more speci®c defects. Lung, spleen and heart were the ®rst aected by the reduction of N-Myc protein levels obtained with a hypomorphic mutation (Moens et al., 1992 (Moens et al., , 1993 . A complete inactivation of N-Myc resulted in more dramatic abnormalities in organs where N-Myc was expressed such as lung, heart, limb bud, liver, kidney, and the central and the peripheral nervous systems, consistent with a role for N-Myc in sustaining the proliferation of precursor cells (Charron et al., 1992; Stanton et al., 1992; Sawai et al., 1993) . Conversely, overexpression of MYC proteins in transgenic mice and in cultured cells can inhibit dierentiation, induce neoplastic transformation and, under certain conditions, initiate apoptosis (for review Cory and Adams, 1988; LuÈ scher and Eisenman, 1990; DePinho et al., 1991; Marcu et al., 1992; Henriksson and LuÈ scher, 1996) . Furthermore, deregulation of MYC expression though chromosomal translocation, gene ampli®cation, retroviral transduction, and promoter or enhancer insertion, has been linked to a broad range of naturally occurring tumors in humans and other species and underscores the necessity of tight control over MYC expression and activity (for review, DePinho et al., 1991; Spencer and Groudine, 1991, Marcu et al., 1992) .
The biochemical and biological activities of the MYC proto-oncogene family are modulated by a network of interacting transcription factors (reviewed in Henriksson and LuÈ scher, 1996) . At the center of this network is MAX, a widely expressed and stable bHLH-Zip protein Eisenman, 1991, Prendergast et al., 1991) . MAX is an obligatory heterodimeric partner for the MYC proteins in mediating their functions as sequence-speci®c DNAbinding transcriptional activators, that regulate cell cycle progression, transformation and apoptosis (Kretzner et al., 1992; Amin et al., 1993; Mukherjee et al., 1992; Amati et al., 1993a,b) . MAX can also form heterodimers with at least two other types of bHLHZip proteins, the MAD proteins (MAD1, MXI1, MAD3 and MAD4) Zervos et al., 1993; Hurlin et al., 1995a) and the recently identi®ed MNT protein (Hurlin et al., 1997a; Meroni et al., 1997) . Whereas MYC ± MAX, MAD ± MAX, and MNT ± MAX heterodimers recognize the same E-box sequence CACGTG (Blackwell et al., 1990 (Blackwell et al., , 1993 , their transcriptional activities are dierent: MYC ± MAX is a transcription activator while MAD ± MAX and MNT ± MAX are repressors of transcription (Kretzner et al., 1992; Amati et al., 1992; Amin et al., 1993; Zervos et al., 1993; Hurlin et al., 1995a; 1997a) . Repression mediated by MAD ± MAX and MNT ± MAX appears to be dependent upon the association of MAD and MNT with mSIN3A and mSIN3B, mammalian homologs of the Saccharomyces cerevisiae global co-repressor SIN3p Schreiber-Agus et al., 1995; Kastan et al., 1996; Hurlin et al., 1995a Hurlin et al., , 1997a . MAD ± MAX heterodimers appear to recruit a complex containing mSIN3 and the histone-deacetylases HDAC1 or HDAC2. This has led to the proposal that modi®cation of chromatin into a repressive structure by deacetylation of histones is responsible for MAD-and MNT-mediated transcriptional repression (Alland et al., 1997; Hassig et al., 1997; Laherty et al., 1997) .
Because MAX is a highly stable protein expressed at constant levels during the cell cycle and dierentiation, the transcriptional activity of E-box regulated genes may depend on the relative levels of its short lived partners, MYC, MAD, and MNT Berberich et al., 1992; Littlewood et al., 1992; Hurlin et al., 1997b) . The expression of c-MYC and N-MYC proteins is restricted primarily to proliferating cells and is downregulated during dierentiation (for review, Henriksson and LuÈ scher, 1996) . MNT protein is coexpressed with MYC in proliferating cells, suggesting that it could function to`buer' MYC activity during the cell cycle (Hurlin et al., 1997a, b) . Interestingly, the expression of MAD1 is barely detected in proliferating cells, but is markedly induced during dierentiation of myeloid cells and keratinocytes Hurlin et al., 1994; 1995b) . In these two cell types, a switch from MYC ± MAX complexes to MAD1 ± MAX complexes upon dierentiation was observed. This change in the composition of MAX heterocomplexes is also likely to occur in other dierentiating cell types where the induction of Mad1, Mxi1, Mad3 and Mad4 has been documented (Zervos et al., 1993; Hurlin et al., 1994 Hurlin et al., , 1995a Larsson et al., 1994; Chin et al., 1995; VaÈ strik et al., 1995) . In light of these results, it has been postulated that the incorporation of MAD proteins into heterocomplexes with MAX may serve to downregulate genes activated by MYC ± MAX which are important for cell cycle progression. This would permit cells to arrest growth in preparation for dierentiation. Indeed overexpression of MAD1 inhibits cell proliferation Roussel et al., 1996; Cultraro et al., 1997) and suppresses MYC-dependent transformation (Lahoz et al., 1994; Cerni et al., 1995; Chin et al., 1995; Hurlin et al., 1995a; Koskinen et al., 1995; VaÈ strik et al., 1995; Harper et al., 1996) .
In order to understand the function of the MAD protein family within the MAX network, it is crucial to clarify issues such as the dierential regulation of their expression and possible redundancy in their expression patterns. Therefore we provide here a detailed description of the expression of the Mad genes Mad1, Mxi1, Mad3 and Mad4 in parallel with that of c-Myc and N-Myc in mouse embryos and adult tissues. In particular, we have focused on chondrogenesis and neurogenesis, where dierentiating cells migrate from the proliferating cell compartment thereby facilitating identi®cation.
Results

Contrasting patterns of expression for the Myc and Mad genes in early embryos
Because the MAD proteins belong to a network of transcription factors interacting with MAX and appear to be antagonists of MYC, we describe here their patterns of gene expression in parallel with that of the Max, c-Myc and N-Myc. In the early embryo, the cMyc and N-Myc genes display robust expression patterns as previously described (Downs et al., 1989; Stanton et al., 1992) . At 7.5 p.c., c-Myc expression was highest in extra-embryonic tissues: the trophectoderm, the parietal endoderm, the chorion, the amnion, and the ectoplacental cone ( Figure 1a and data not shown). Lower levels of c-Myc transcripts were detected in the embryonic ectoderm and mesoderm. As expected, high levels of N-Myc transcripts were detected in the embryo proper as compared to extra-embryonic tissues ( Figure 1b) . In contrast to the expression patterns observed for Myc genes, Mad1 was not detected in the tissues of embryonic origin: Mxi1, Mad3 and Mad4 expression was also very low, with Mxi1 limited to the node (n in Figure 1d ), Mad3 to a posterior area of the embryonic ectoderm (ee in Figure  1e ) and Mad4 to the embryonic mesoderm (em in Figure 1f ). The situation is dramatically dierent in the maternal component. The reactive decidua, which directly surrounds the conceptus and is believed to be undergoing dierentiation (Finn and Martin, 1967) , showed no c-Myc or N-Myc expression, whereas Mad1, Mxi1 and Mad4 transcripts were very abundant ( Figure 1a ± d, f) . In the peripheral nonreactive decidua, low levels of c-Myc, Mad3 and in endothelial cells Mad4 were detected (data not shown). At 8.5 p.c., the general pattern of expression of the MAX heterodimeric partners showed minimal changes from 7.5 p.c., c-Myc and N-Myc expression levels remained high in the embryonic tissues, whereas Mad1, Mxi1, Mad3 and Mad4 transcripts were still expressed mainly in the maternal decidua (data not shown). However, one noteworthy change at 8.5 p.c. is that Mad4 transcripts were detected in the notochord and in the¯oor plate, areas that have ceased proliferation and are essential for the induction and subsequent patterning of the neural tube (Snow, 1977; Bellomo et al., 1996) . Thus at these early stages of development Mad family gene expression was con®ned to areas undergoing dierentiation both in the maternal component and within the embryo. Mad transcripts in general were absent from regions with high proliferative capacities as re¯ected by elevated levels of expression of c-Myc and N-Myc.
General aspects of Myc and Mad gene expression during organogenesis (9.5 p.c. to 15.5 p.c.)
During organogenesis, organ primordia exhibiting the ®rst signs of cellular dierentiation appear. Expression of the Myc genes remained in general restricted to proliferating cells and appeared tightly regulated as judged by very sharp boundaries of expression (see for example ®gure 2, see also Stanton et al., 1992; Hurlin et al., 1995a) . In contrast the Mad genes appeared to be more diusely expressed. Mad1, Mxi1, Mad3 and Mad4 expression was speci®c neither to the embryonic germ layer, nor to the type of tissue (e.g., both epithelia and mesenchyme expressed Mad RNA). Thus at 12.5 p.c. transcripts encoding the four Mad genes were detected in the entire central and peripheral nervous systems, in the aortic arches, in the dermomyotome, in the sclerotome, and in the lung, heart and liver primordia (Hurlin et al., 1995a ; and data not shown). In those derivatives their expression was transient, reaching a maximum at 12.5 p.c. (at the onset of dierentiation), and decreasing at 15.5 p.c.. Thus Myc and Mad expression in general is dynamic and speci®c to distinct cellular compartments with respect to proliferation and dierentiation. As a typical example of this speci®city we describe the expression of the Mad family members during chondrogenesis in more detail below.
Sequential expression of the Mad genes during cartilage formation
The expression of Mad genes during formation of the cartilage was investigated in limb buds from 11.5 p.c. to 17.5 p.c.. At early stages of limb development, the buds consist of an ectodermal envelope encapsulating undierentiated mesenchymal cells. In the center of the limb bud, chondrocytes arise from condensation of mesenchymal cells. This condensation is accompanied by an exit from the cell cycle of chrondrocyte progenitors (Cancedda et al., 1995) . During this process, N-Myc and Mad3 were expressed in the proliferating mesenchyme in apposition to the epidermis (Figure 2b , e). Mad1 and Mxi1 transcripts were also detected in proliferating mesenchymal cells, but . This specialized ectodermal structure is responsible for producing a mitogenic signal for the underlying mesenchyme (Laufer et al., 1994) . In addition, Mad4 Later in development the cartilage is invaded by blood vessels which transport osteoblasts that, in turn, deposit the bone matrix in place of cartilage (Cancedda et al., 1995) . Proliferating chrondrocytes are sequestered in a specialized structure called the epiphyseal growth plate, which is responsible for the growth of the bone. As the chondrocytes leave the growth plate, they exit the cell cycle and dierentiate into hypertrophied (Figure 3a) . With further progression toward the bone matrix, chondrocytes enter an area of cartilage degeneration and ossi®cation. Therefore the sequential cell layers mark the temporal events of dierentiation, with the cells apposed to the growth plate being more immature, while those closest to the bone matrix are the most dierentiated. Max transcripts were detected during the entire process of chondrogenesis (Figure 3b ). The relatively weak signal obtained for Max is likely due to the use of a human probe and to the stringent conditions used for hybridization and washes. In contrast with N-Myc (Figure 3d ), the signal obtained with the c-Myc probe was intense in proliferating chondrocytes. It was maintained throughout the dierentiation process, until a sharp decrease in expression was observed in the terminally dierentiated cell population (Figure 3c ). Mad3 expression could be clearly documented in a fraction of undierentiated proliferating chondrocytes and overlapped with a subpopulation of c-Myc expressing cells (Figure 3e ). Mxi1 and Mad4 transcripts were readily detected in proliferating chondrocytes (Figure 3f, g ), however, their expression increased in the cells more distant from the growth plate ( Figure  3f ). The peak of Mad4 expression occurred in even more advanced hypertrophied chondrocytes ( Figure  3g ). Finally, Mad1 was the last family member to be upregulated in the process of cartilage dierentiation (Figure 3h ). It should be noted in Figure 3a , that the cell density was relatively lower in the dierentiated chondrocytic compartment, i.e. where hypertrophied chondrocytes were found. Therefore the hybridization signal per cell (Figure 3h ) was comparatively high, suggesting a strong upregulation of Mad1 in this region. In addition similar upregulation of Mad1 can be documented in other chondrogenic cells, such as in the vertebra. Thus during the course of chondrocyte dierentiation, Mad3, Mxi1, Mad4 and Mad1 were sequentially upregulated but displayed overlapping patterns of expression. We next determined whether this phenomenon could be recapitulated in an in vitro model system where dierentiation can be analysed biochemically.
Hierarchy in the onset of expression of the Mad genes during neuronal dierentiation in P19 cells
Because we had previously demonstrated Mad family gene expression during neurogenesis in embryos (Hurlin et al., 1995a) , we chose the neurogenic P19 teratocarcinoma cell line (Rudnicki and McBurney, 1987; Bain et al., 1994) to examine Mad expression during differentiation in vitro. These cells commit to a neuronal fate when cultivated as aggregates in bacterial dishes for 4 days in the presence of 0.5 6 10 76 M all-trans retinoic acid (RA) (Figure 4a ). Aggregates were dissociated at the 4th day of culture with trypsin and plated on tissue culture grade dishes without RA. The committed cells continue cycling for approximately 24 h prior to exiting the cell cycle at day 5. On the 6th day of culture 5 mg/ml of cytosine arabinoside was added to kill proliferating non-neuronal cells and to obtain a neuron-enriched population by day 9 of culture. Proliferation-associated CDK2 activity has been shown to peak at day 5 and decrease dramatically at day 7 through day 9 (Kranenburg et al., 1995) .
We assessed expression of MAX-heterodimeric partners during P19 neuronal dierentiation by Northern blot analysis (Figure 4b ). During the period of culture as cell aggregates (Figure 4b, lanes 2, 3) , a transient increase in the levels of expression of Mxi1 and Mad3 was observed. The expression of Mash-1, a gene encoding a basic-helix ± loop ± helix transcription factor speci®c for neural progenitors (Johnson et al., 1992) was also strongly and transiently induced during this period, indicating that neuronal commitment of cells within the aggregates occurred normally ( Figure  4b, lanes 2 and 3) . Upon plating, neural dierentiation commenced, as judged by the down-regulation of Mash-1 and the morphological changes characteristic of these cells (elongation to a spindle shape and extension of neurites). Surprisingly, c-Myc and N-Myc expression was maintained throughout dierentiation. c-Myc mRNA was actually slightly induced during this process, suggesting that these transcription factors either function in some aspects of postmitotic neural cell behavior such as dierentiation and apoptosis or that they may be post-transcriptionally inactivated (see Craig et al., 1993; Wakamatsu et al., 1993) . In contrast, a twofold induction of Mad3 mRNA was observed, as estimated by densitometric analysis of the autoradiogram upon initiation of dierentiation at day 5 ( Figure  4b , lane 4); Mad3 expression was subsequently downregulated at day 7 (Figure 4b , lanes 5 and 6). Mxi1 and Mad4 expression was also induced upon dierentiation but were maximal later than Mad3 (Figure 4b , lane 5). Mad1 was the last member of the family to be upregulated at days 7 and 9 in postmitotic terminally dierentiated neurons (Figure 4b , lane 6). Similar results were obtained without dissociation and treatment with cytosine arabinoside, with the exception that the culture was rapidly invaded by proliferating cells, making detection of Mad1 RNA at day 9 dicult (data not shown). As previously described, dierent mRNA species were detected with the Mad1, Mad3 and Mad4 probes Larsson et al., 1994; VaÈ strik et al., 1995) . As yet these diverse mRNAs have not been fully characterized although in the cases of Mad1 and Mad3 only one major protein product can be detected (see .
This sequential expression of the Mad genes upon neural dierentiation underscored the potential importance of Mad3, whose expression was the ®rst to be upregulated in response to dierentiation and was overlapping in vivo with c-Myc and N-Myc (see Figures  2 and 3) . We therefore examined expression of MAX, MYC and MAD3 proteins during P19 dierentiation.
In order to identify MAD3 proteins in cells we prepared a rabbit polyclonal serum against a carboxyterminal peptide corresponding to the amino-acids 192 ± 206 of MAD3. This MAD3 antiserum (#120J) speci®cally recognized a 29 kD protein in metabolically labeled P19 cells at the onset of neuronal differentiation (day 5) that comigrated with MAD3 protein produced in rabbit reticulocyte lysate or in 293 cells transfected with a Mad3 cDNA expression construct ( Figure 5 , lanes 3, 4, 7 and 8 and data not shown). This 29 kD protein was not detected with the serum preabsorbed with the antigen (Figure 5, lane 4) . Similarly, immunoprecipitation experiments conducted with the pan-MYC antibody 1096 and the MAX antibody 8711 revealed the presence in the same cells 62 ± 68 kD proteins corresponding to c-MYC and N-MYC and of 22 kD protein corresponding to MAX ( Figure 5, lanes 1, 2, 5,  6 ). These experiments demonstrate that both Mad3 RNA and protein are expressed in proliferating P19 cells upon commitment to dierentiation. + mRNA were subjected to Northern analysis using radiolabeled probes speci®c for the indicated genes. Lane 1: untreated P19 cells. Lanes 2 and 3: P19 cells growing in aggregates in presence of 0.5 mM RA for 2 or 3 days, respectively. Lanes 4, 5, 6: aggregates were dissociated at day 4, and plated in presence of cytosine arabinoside to allow neuronal dierentiation for 5, 7 or 9 days
Mad gene expression in adult tissues
We next investigated the pattern of Mad gene expression in adult tissues by in situ hybridization. As in the embryo, Mad1 expression was detected in terminally dierentiated cells such as the supra-basal cells of the epidermis, post-mitotic neurons present in the neuroretina and the cerebellum, and dierentiated cells of the intestinal villi, as previously described Hurlin et al., 1995a,b; VaÈ strik et al., 1995) . Mad3 expression appeared restricted to several organs, notably the thymus, testes and placenta, whereas Mxi1 and Mad4 expression were more widespread (data not shown). Of all Mad family members Mad4 transcripts were the most widespread in adult tissues, presumably because it is expressed in endothelial cells (data not shown). It is also the only one to be detected in the liver, lung, and kidney where it was found in glomeruli (data not shown). Closer inspection of each organ also revealed Mad family expression in distinct cell populations. In the thymus, for example, Mad1 was detected in the medulla (Figure 6c ), whereas Mxi1 was most prominent in the cortex (Figure 6d ). Mad4 was expressed in both of these compartments (Figure 6f) . Again Mad3 displayed a dierent expression pattern, with brightly stained cortical cells apposed to the capsule and in the medulla (Figure 6a and e) . As during chondrogenesis and bone disposition, both Mad3 and Myc expression coincided (see Figures 2  and 3 ). Since maturation of thymocytes is accompanied by a migration from the cortex to the medulla, the results documented in Figure 6 indicate sequential expression of the Mad genes can also occur in adult tissues.
Discussion
Mad family expression is linked to cellular dierentiation
Previous studies have demonstrated, using cell lines and selected tissues, that induction of Mad1 is related to dierentiation Zervos et al., 1993; Hurlin et al., 1994 Hurlin et al., , 1995a Larsson et al., 1994; Chin et al., 1995; VaÈ strik et al., 1995) . Recently we have presented evidence that the Mad family genes are expressed in neural tissue and epidermis during the onset of dierentiation (Hurlin et al., 1995a) . We have now completed a systematic analysis of Mad family gene expression during murine embryogenesis and have found that Mad family genes are induced in a sequential fashion tightly linked to dierentiation in a wide range of tissues throughout the embryo. In the very early embryo the expression of Mad family genes appears to be restricted to a few specialized areas such as the node (Figure 1) . Mad transcripts could not be detected in highly proliferative tissues lacking any sign of dierentiation and where c-Myc and N-Myc staining was intense. Rather, Mad induction appeared to coincide with the appearance of quiescent cells within a tissue. Hence the expression of the Mad genes peaked in embryos during organogenesis between 10.5 and 12.5 p.c.. Their expression later decreased but appeared to be sustained in adult tissues maintaining a population of progenitor cells that constantly generate dierentiated progeny (Figure 6 ). In addition, we have found that the Mad genes are transiently and sequentially induced during the switch from proliferation to dierentiation in three dierent systems: during chondrogenesis in the limb bud, in the growth plate, and during neuronal dierentiation of the P19 teratocarcinoma cell line.
Sequential expression of Mad family genes
The expression patterns of the dierent Mad family genes were obviously complex. Nonetheless the overall picture that emerges is one of sequential induction of the Mad genes during dierentiation. This was documented in vivo in a variety of situations, such as during the formation of cartilage, gut, skin, lens and the nervous system (this study, Hurlin et al., 1995a and data not shown). In neural tissue, as in P19 cells, Mad3 expression was restricted to proliferating committed neural progenitors. Mxi1 transcripts were detected in proliferating and dierentiating cells whereas Mad1 and Mad4 RNAs were con®ned to post-mitotic neurons (Hurlin et al., 1995a) . Interestingly, Mad3 transcripts were detected predominantly in proliferating cells prior to dierentiation and were therefore coexpressed either with c-Myc or N-Myc. Immunoprecipitation experiments conducted at the onset of P19 dierentiation showed that MYC and MAD3 proteins were indeed expressed with MAX within the same cell population (Figure 5 ). Although we previously had reported a low level of expression 2, 4, 6 ). Note that the 29 kD protein speci®cally immunoprecipitated with anti-MAD3 antibodies comigrated with MAD3 proteins produced in rabbit reticulocytes lysate (lanes 3, 7, 8) of Mad3 in non-cycling suprabasal cells of the skin (Hurlin et al., 1995a) , we were unable to con®rm this result which was most likely an artifact due to the use of thicker sections in our earlier study. In contrast, Mad1 was expressed in squamous cells in the skin, in lens ®ber cells, in hypertrophied chondrocytes and in many other terminally dierentiated cells Hurlin et al., 1995a; VaÈ strik et al., 1995;  data not shown).
The overall expression patterns of Mxi1 and Mad4 in embryos and adult tissues were more widespread, indicating that their transcripts are, at least in some instances, present in proliferating as well as differentiating cells (data not shown). One exception is in the limb bud at 11.5 p.c. There, Mad1 and Mxi1 RNAs were detected at low level in proliferating mesenchymal cells and at higher levels in quiescent condensed chondrocytes where Mad4 transcripts were con®ned, suggesting that Mad4 was expressed last in this cell type. This example shows that the hierarchy of expression of the Mad genes is not rigidly ®xed. Other exceptions were the epithelium of the epidermis, of the lens, and of the gut where Mad3 and Mad4 were not detected and where a switch from c-or NMyc expression to Mxi1 and then to Mad1 in terminally dierentiated cells occurred Hurlin et al., 1995a; VaÈ strik et al., 1995; data not shown) . Therefore, the entire Mad gene family is not expressed in every dierentiating tissue and may require cell-type speci®c cues. These results also strongly suggest that the transcription of individual Mad genes does not depend on prior expression of other Mad family members, and that their sequential expression is not a true cascade as such has been demonstrated for myogenic transcription activators and the C/EBPs (Weintraub, 1993; Yeh et al., 1995) . As the MAD proteins function as transcriptional repressors, the opposite situation, in which cross downregulation occurs might be expected. One intriguing observation in favor of this idea comes from the study of Mad1
mice, where ectopic expression of Mxi1 and Mad3 was documented in the spleen of these animals (Foley et al. manuscript in press). 
MAD protein function
The highest regions of homology among MAD family proteins are two domains to which function can be attributed: the SID (mSin3 interaction domain) responsible for the interaction with the corepressors mSIN3A and mSIN3B; and the bHLH-Zip region required for heterodimerization with MAX and for DNA binding Zervos et al., 1993; Hurlin et al., 1995a) . Functionally the four MAD proteins indeed behave in a very similar fashion. They appear roughly equivalent in their ability to repress transcription at E-box elements and to inhibit transformation of rat embryo ®broblasts by c-Myc plus Ras (Lahoz et al., 1994; Cerni et al., 1995; Hurlin et al., 1995a; Koskinen et al., 1995; VaÈ strik et al., 1995) . Given this functional similarity why is there a hierarchy in the onset of expression of the dierent Mad genes? One possibility is that induction of each of the Mad genes occurs as a speci®c response to distinct signals or threshold levels of a given signal. The integration of each signal as re¯ected by the expression of speci®c Mad family members would allow the precise temporal and spatial regulation of the number of cells that keep cycling or exit the cell cycle and undergo dierentiation. Indeed recent experiments have shown that targeted deletion of Mad1 in mice aects the granulocytic dierentiation pathway by permitting increased proliferation and delayed dierentiation of late stage precursor cells (Foley et al., in press ). The function of each of the MAD transcriptional repressors in the ®ne tuning of the transition between proliferation and dierentiation might actually be identical. Each would downregulate the same set of target genes by recruiting mSIN3-histone deacetylase complexes into gene regulatory regions (Alland et al., 1997; Hassig et al., 1997; Laherty et al., 1997) . Alternatively the four Mad family members may dier functionally in terms of DNA binding anity or speci®city, or strength and mode of transcriptional repression in ways that have not yet been detected in the biochemical or biological assays carried out thus far. Even if each of the MAD proteins are functionally identical, the dierential timing of their induction would ensure that they are expressed in dierent cellular contexts: thus MAD3 and MXI1 are present during periods when MYC is expressed and therefore might compete with MYC for binding to MAX or to DNA. By contrast MAD1 and MAD4 would be synthesized following the downregulation of Myc and other transcription factors and therefore might have a distinct in¯uence on expression of target genes. It seems likely that a resolution of the question of functional redundancy among the MAD proteins must await the results of individual and combined gene deletion experiments.
Material and methods
In situ hybridization
Riboprobes speci®c for murine c-Myc, N-Myc, Mad1, Mxi1, Mad3 and Mad4 transcripts were synthesized in the presence of both [
35 S]CTP and [ 35 S]UTP using linearized plasmids containing each full-length cDNAs. Human Max9 (Blackwood and Eisenman, 1991) was used to detect murine transcripts. To isolate a murine Mxi1 cDNA for use as a probe, a human Mad1 cDNA was employed to screen a murine AB1 embryonic stem cell cDNA library (Chen et al., 1994) . The largest resulting clone (2.3 kb) was subcloned into pGEM-7Zf(+), and upon sequencing was found to contain the entire open reading frame of Mxi1.
The protocol for in situ hybridization was described in Hurlin et al. (1995a) . After deparanization and hydration, 5 mm sections were incubated in 0.1 M glycine, 0.2 M TrisHCl pH 7.4 for 10 min at room temperature, treated with 1 mg/ml proteinase K for 15 min at 378C and post®xed in 4% paraformaldehyde in PBS. The slides were subsequently washed in PBS, acetylated and dehydrated. Hybridization was performed for 16 h at 658C in hybridization buer (50% formamide, 0.3 M NaCl, 20 mM Tris-HCl pH 7.9, 5 mM EDTA, 10% dextran sulfate, 1X Denhardt's solution, 0.5 mg/ml Escherchia coli tRNA, and 100 mM DTT) containing 50 000 c.p.m./ml of probe. Slides were then washed at room temperature for 1 h 30 min in 46SSC, 10 mM DTT, and for 30 min at 688C in 50% formamide, 0.3 M NaCl, 20 mM Tris-HCl pH 7.9, 5 mM EDTA, 100 mM DTT. The sections were subsequently treated with 20 mg/ml of RNaseA for 30 min to 1 h at 378C, and ®nally incubated at 708C for 15 min in 26 SSC and for 15 min in 0.16 SSC. Following dehydration, the slides were dipped in Kodak NTB2 emulsion diluted 1 : 1 with 0.6 M ammonium acetate. After 10 days exposure at 48C, the slides were developed and stained with bisbenzimide (Hoechst 33258), hematoxylin or toluidine blue to visualize nuclei, and mounted with a mixture of 2 g Canada Balsam and 1 ml of methylsalicylate. Sections were examined under dark-®eld and epifluorescence illumination with a Zeiss axioplan microscope.
Cell culture
P19 cells were cultured in Dulbecco's modi®ed Eagle's medium (DMEM supplemented with 7.5% de®ned calf serum and 2.5% fetal bovine serum (Hyclone) in a 5% CO 2 atmosphere (Rudnicki and McBurney, 1987) . For differentiation in aggregates, 10 5 cells/ml were seeded on bacteriological petri dishes in media containing 0.5610 76 M all-trans retinoic acid (RA). After 4 days, aggregates were replated on gelatinized tissue culture grade dishes in the absence of RA. Treatment with 5 mg/ml of cytosine arabinoside was at the 6th day of culture.
RNA preparation and Northern blots
10
8 cells were rinsed in PBS and lysed in 15 ml of 0.1 M NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 0.5% SDS and 0.5 mg/ml of proteinase K at 458C for 2 h, according to the Fast-track mRNA Isolation procedure from Invitrogen. The NaCl concentration was adjusted to 0.5 M. poly(A) + RNA were allowed to bind to 50 mg of equilibrated oligo (dT) cellulose (New England Biolabs) for 20 min at 208C. The oligo-(dT) cellulose was washed ®ve times with 0.5 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 0.5% SDS and poly(A) + RNA was eluted in 10 mM Tris pH 7.5, 1 mM EDTA, 0.2% SDS and ethanol precipitated. 4 mg of each poly(A) + RNA sample were separated by eletrophoresis in a 1% agarose, 2.2 M formaldehyde gel and transferred onto Hybond N + (Amersham). Membranes were hybridized with 32 P-labeled probes synthesized from the same fragments used for the in situ hybridization procedure.
Antibodies, immunoprecipitations
To generate MAD3 antiserum (serum #120-J), a carboxyterminal peptide (aa192 AGREHSYSHSTCAWL aa206) fused to KLH was used to immunize a New Zealand white rabbit. The antiserum was anity-puri®ed using the antigen coupled to Reacti-gel 6X (Pierce). The preimmune serum and MAD3 antiserum preincubated with the immunogen were used to control for speci®city in immunoprecipitations. MAX (serum #8711) and MYC (serum #1096) antisera have been described previously . Typically, 10 7 to 10 8 P19 cells (at day 2 or day 5 of culture, see results) were used per immunoprecipitation. Following a 10 min incubation at 378C and 5% CO 2 in methionine-free medium, the cells were labeled twice for 45 min with 500 mCi of 35 Smethionine (DuPont-NEN, 41000 Ci/mmole), and washed once with cold PBS. High-stringency immunoprecipitations and washing conditions were carried out as described previously .
